AND CONCLUSIONS
INTRODUCTION
Plasticity at the connections between sensory neurons and their follower cells in Aplysia has been used extensively as a model system in which to study the cellular and molecular mechanisms of simple forms of learning such as habituation, dishabituation, and sensitization (Byrne, 1987; Carew and Sahley, 1986; Kandel and Schwartz, 1982) . In one population of sensory neurons, those in pleural ganglia that innervate the tail, the plasticity associated with sensitization is induced by the transmitter serotonin (5-HT) and is expressed in several forms, including decreased resting potential, increased duration of action potentials, enhanced excitability, and enhanced transmitter release Byrne, 1989, 1990a; Braha et al., 1990; Byrne et al., 1990; Ocorr and Byrne, 1985; Pollock et al., 1985; Walsh and Byrne, 1989; Walters et al., 1983) . Similar results have also been obtained for sensory neurons in the abdominal ganglion (Kandel and Schwartz, 1982) . These facilitatory actions are mediated via at least two kinases, CAMP-dependent protein kinase [protein kinase A (PKA)] (Greenberg et al., 1987; Ocorr and Byrne, 1985; Pollock et al., 1985) and Ca 2+ / phospholipid-dependent protein kinase [ protein kinase C (PKC)] Kruger et al., 199 1; Sacktor and Schwartz, 1990; Sossin and Schwartz, 1992) . Some aspects of the actions of these two kinases have been examined in the pleural (tail) sensory neurons. For example, CAMP-dependent modulation of S-K+ current (lks) appears to play a major role in 5-HT-induced depolarization and enhancement of excitability and to make a modest contribution to 5-HT-induced spike broadening (Baxter and Byrne, 1990a; Byrne et al., 1990) . In addition, both CAMP, which activates PKA, and phorbol esters, which activate PKC, can mimic 5-HT-induced facilitation in synapses in which transmitter release has been depressed by repeated stimulation (an analogue of dishabituation) (Braha, 1990; Braha et al., 1990) . Other aspects of the modulatory effects of 5-HT are less well understood, however. For example, it is not clear 1) which kinase is responsible for the spike broadening that is independent of the modulation of 1k s, 2) how the CAMP-dependent modulation of I K,S, which contributes to enhanced excitability, quantitatively contributes to the facilitation of transmitter release evoked by a single spike, 3) what the relative roles are of PKA and PKC in the 5-HT-induced facilitation of transmitter release from undepressed synapses (an analogue of sensitization), or 4) how the kinetics of activation of PKA and PKC contribute to the time course of the effects of 5-HT.
By taking advantage of phorbol esters and staurosporine, an inhibitor of PKC, we show that PKC may play a greater role in mediating the modulatory effects of 5-HT in pleural sensory neurons than was previously appreciated. Specifically, activation of PKC mimics a slowly developing component of 5-HT-induced spike broadening. Moreover, when PKC is inhibited, components of both 5-HT-induced spike broadening and, under some conditions, facilitation of release from relatively undepressed synapses are significantly suppressed, even though the currents responsible for increasing excitability are unaffected. A preliminary report of some of these results was presented in abstract form (Sugita et al., 1991 
Measurements of spike duration and excitability
Isolated clusters of sensory neuron somata from pleural ganglia were pinned to the floor of a recording chamber containing artificial seawater (ASW, Instant Ocean) with 10 mM tris( hydroxymethyl)aminomethane hydrochloride (Tris . HCl) (pH 7.6)) and the preparation was maintained at 15 zt 1 "C. Only a single neuron per cluster was used for any experiment, and unless otherwise indicated the cluster received only a single application of a given agent or concentration of an agent. Two-electrode current-clamp techniques were used. The membrane potential of the sensory neurons was monitored and was adjusted via current injection to a potential of -45 mV -30 s before each stimulus. Individual action potentials were elicited by passing 3-ms, 5-to 6-nA current pulses through the current passing electrode at an interstimulus interval (ISI) of 3 min. The duration of an action potential was measured as the time between the peak of the spike and the point of the repolarizing phase at which the membrane potential was 10% of the peak amplitude of the spike. Excitability was measured as the number of action potentials elicited during l-s, 2-nA constant-current pulses (IS1 = 3 min). Measurements of spike duration and excitability were performed in different cells to avoid possible interactions between the two stimulus paradigms. After three stable trials, concentrated aliquots of agents were applied directly to the static bath.
Measurements ofsensorimotor connections
In each intact pleural-pedal ganglion preparation, two pleural sensory neurons were impaled with single microelectrodes for recording and stimulating. One sensory neuron was used to test synaptic strength, and the other sensory neuron was used to test excitability. A tail motor neuron was impaled with two microelectrodes, one for recording and one for current injection. Testing, which began 5 min after impaling the first sensory neuron, consisted of eliciting a single action potential in the sensory neuron with a 30-ms suprathreshold depolarizing pulse and recording the monosynaptic excitatory postsynaptic potential (EPSP) produced in the motor neuron. Connections were tested once every 5 min to minimize synaptic depression. In this series of experiments, the sensory neurons were not hyperpolarized to -45 mV. Motor neurons were hyperpolarized by -30 mV during each test stimulus to prevent the EPSP from triggering an action potential. Measurements of input resistance of the motor neuron (while the cell was hyperpolarized) were made by injecting l-s, 1-nA hyperpolarizing pulses into the motor neuron. Approximately 10 s after each test of synaptic strength, the second sensory neuron was depolarized with a 1 -s, 2-nA pulse to test excitability. After three baseline trials, 5-HT was bath applied. Each preparation (pleural-pedal ganglion) received only a single application of 5-HT. Experiments were performed at 15 t 1 "C.
Chemicals
Two types of hydrophilic phorbol esters, 4@-phorbol 12,13-diacetate ( PDAc) (Sigma) and 4p-12-deoxyphorbol 13-isobutyrate (DPB) (LC Services), were used. Inactive 4cw-phorbols (Sigma) were also used. Stock solutions of all phorbols ( 10 mM) were dissolved in dimethyl sulfoxide (DMSO) and stored at -20°C. The final concentration in the bath was 3 PM for PDAc and 4cx-phorbol and l-2 PM for DPB. The final concentration of DMSO used to dissolve the phorbols did not exceed 0.03% (vol/vol). The concentration of phorbol esters used in the present study was higher than that used effectively with cultured neurons ofAplysia [ lo-100 nM of 4/3-phorbol 12,13-dibutyrate ( PDBu)] (Braha et al., 1988 (Braha et al., , 1990 . However, in intact ganglia, even 500 nM of PDBu did not reliably produce facilitation of depressed monosynaptic EPSPs (Goldsmith and Abrams, 199 1) . In addition, 1 FM PDBu was necessary to produce significant translocation of PKC in intact neurons (MI. S. Sossin and J. H. Schwartz, personal communication) . The difference between the effective concentrations of phorbol esters in cultured and intact neurons may be due partly to differences in tissue penetration. It has also been suggested that intact neurons contain endogenous inhibitors of PKC, which may be lacking in cultured neurons (W. S. Sossin and J. H. Schwartz, personal communication) .
5-HT (Sigma) was dissolved in ASW and prepared daily. A stock solution of staurosporine (Kamiya, 2 mM) was dissolved in DMSO and stored at 4°C. The final concentration of staurosporine was 10 PM. The final concentration of DMSO, which was used to dissolve staurosporine, was 0.5% (vol/vol), a concentration less than that previously shown not to affect the membrane currents in sensory neurons (Baxter and Byrne, 1990b ). In the experiments in which staurosporine was used, preparations were preincubated with staurosporine for 1 h before electrophysiological recording began.
Data analysis
In each preparation, data were normalized to the mean of the three baseline spike-durations, number of spikes, or amplitude of the EPSPs before the application of agents. Two-tailed statistics were used unless otherwise indicated. P values less than 0.05 were considered significant.
RESULTS

Phorbol esters mimic a component of5HT-induced spike broadening
Application of PDAc (3 PM) or DPB ( l-2 FM) gradually hyperpolarized the sensory neuron. After a 24-min exposure, this hyperpolarization reached a level of 3-12 mV. The cause of the hyperpolarization was not investigated, but one possibility is a phorbol ester-induced enhancement of a steady-state Ca2+ -dependent K+ current (Ik & (Critz and Byrne, 1990, 1992) . Regardless of this hyperpolarization, PDAc and DPB consistently produced broadening of the action potential elicited from membrane potentials of -45 mV. The spike broadening produced by PDAc developed gradually, and the duration of action potentials reached an average of 126 t 2% of baseline (mean t SE, n = 15, see Data analysis in METHODS) after a 24-min exposure ( Fig. 1 , Al and 0). DPB produced similar broadening ( 125 t 3%, n = 6) ( Fig. 1, A2 and 0). The inactive cr-phorbols produced less hyperpolarization (2-4 mV) and spike broadening (106 t 3%, n = 5) (Fig. 10) . A one-way analysis of variance, which compared the effects of PDAc, DPB, and a-phorbols on spike broadening, indicated that there was a significant difference among agents at 24 min after application [ F( 2,23) = 13.60, P < 0.00 I]. Post hoc analysis using a Tukey test indicated that there was a significant difference between the active phorbols and inactive phorbols [PDAc vs. a-phorbols, q( Phorbol esters mimicked serotonin (5HT)-induced spike broadening. A : phorbol esters increased spike duration to -125% of baseline in artificial seawater ( ASW) . In these 2 examples, action potentials are shown before and 24 min after the application of phorbol esters [ 4/3-phorbol 12,13-diacetate ( PDAc) 3 PM, 4/3-12-deoxyphorbol 13-isobutyrate (DPB), 2 ,uM] . Duration of an action potential was measured as the time between the peak of the spike and the point of the repolarizing phase at which the membrane potential was 10% of the peak amplitude of the spike. B: in this example, after a 12-min exposure to 5-HT ( 10 PM) the spike duration was increased to 137% ofbaseline. C: after phorbol ester-induced spike broadening, 5-HT produced little further broadening. Action potentials are shown before and 24 min after application of PDAc and 12 min after the addition of 5-HT to the bath, which still contained PDAc. D: time course of the changes in spike duration. Closed arrow (time = 0) indicates the time at which 5-HT (n = 7), PDAc (n = 15)) DPB (n = 6)) or a-phorbols (n = 5) were applied to the bath. 5-HT, PDAc, and DPB produced marked spike broadening, whereas the inactive cY-phorbols produced little or no broadening. The subsequent addition of 5-HT to the bath (shown by open arrow), which still contained PDAc (in 5 of the 15 PDAc experiments) produced little further broadening. Mean spike duration in the 5-HT group was 2.8 + 0.1 ms (n = 7) before the application of 5-HT. There was no significant difference in the mean spike durations among PDAc (3.2 + 0.1 ms, n = 15 ), DPB (3.1 ir 0.2 ms, n = 6)) and cu-phorbol(2.9 rf: 0.2 ms, n = 5) groups before the application of agents [ F( 2,23) = 1.061. Summary data in this and subsequent figures indicate means and SE.
Application of 5-HT ( 10 PM) produced 3-6 mV of depolarization within 1 min after application, presumably due to the closure of S-K+ and Ca2+-activated K+ channels (Baxter and Byrne, 1989; Ocorr and Byrne, 1985; Pollock et al., 1985; Siegelbaum et al., 1982; Walsh and Byrne, 1989) . In contrast to this rapid depolarization, 5-HT-induced spike broadening, like that of phorbol esters, developed slowly. 5-HT-induced spike broadening reached a peak (138 t 4%, y1 = 7) in 12 min (Fig. 1, Band 0) . We examined the relationship between phorbol ester-and 5-HT-induced broadening in five of the sensory neurons that had been exposed to PDAc. In these sensory neurons, a 24-min exposure to PDAc increased the mean spike duration to 125 t 3%. The subsequent application of 5-HT ( 10 PM) to the bath, which still contained the PDAc, increased the mean spike duration to 130 t 4% of the pre-PDAc baseline ( 12 min after application of 5-HT). This additional increase in spike broadening (above that produced by PDAc alone) is presumably due to a CAMP-dependent component of spike broadening (Baxter and Byrne, 1990a; Ghirardi et al., 1992; Goldsmith and Abrams, 1992) . Another possible interpretation for the additional increase produced by 5-HT is that longer exposure to PDAc itself (36 min in total) may cause further broadening. Because we did not compare PDAc + 5-HT with PDAc alone at 36 min after PDAc application, we cannot exclude this possibility. Moreover, higher concentrations of PDAc may have produced a comparable amount of broadening to that produced by PDAc and 5-HT. This was not tested. In addition, higher concentrations of 5-HT (40 ,uM) produced even greater broadening when applied at this same time (data not shown). These results suggest that 3 ,uM PDAc might not fully activate PKC or that the relative contribution of PKC and other kinases to 5-HT-induced spike broadening is dependent on the concentration of 5-HT.
Phorbol esters do not mimic 5-HT-induced enhancement of excitability
We also examined the effects of 5-HT, PDAc, and aphorbols on excitability. 5-HT ( 10 ,uM) produced a rapid and dramatic increase in excitability, which reached a peak (464 t 30% of baseline, n = 6) in 3 min and gradually declined with time (Fig. 2 B) . In contrast, PDAc gradually increased the mean number of spikes to 167 t 14% (n = 5 ) after a 15-min exposure (Fig. 2, A and B) . This effect, compared with that of cr-phorbols ( 127 t 4%, n = 5 ), was statistically significant ( t8 = 2.77, P < 0.025) (Fig. 2B) . Al- B: time course of the changes in excitability. Closed arrow indicates the time of application of 5-HT ( n = 6)) PDAc ( n = 5 ), or a-phorbols (n = 5 ) .5-HT induced a rapid and dramatic increase in excitability. In contrast, PDAc produced a gradual and modest increase in excitability. The subsequent application of 5-HT to the bath (shown by open arrow), which still contained PDAc, produced a rapid increase in excitability. Mean number of spikes before the application of 5-HT, PDAc, and a-phorbols was 5.1 f 0.4, 4.7 + 0.3, and 4.5 + 0.5, respectively. There was no significant difference in the mean number of spikes between PDAc and cu-phorbol groups before the application of the agents ( t8 = 0.46). For abbreviations, see Fig. 1 legend. though significant, the PDAc-induced enhancement of excitability was small compared with that produced by 5-HT. Indeed, application of 5-HT to the bath, which still contained PDAc, dramatically increased the excitability from 167 t 14 to 334 t 29% (~2 = 5, tll= 6.73, P< 0.005) within 3 min (Fig. 2, A and B) . These data are in agreement with previous work. Activation of PKC by phorbol esters does not seem to mimic the 5-HT-induced enhancement of excitability (Braha, 1990) . In contrast, activation of PKA by CAMP contributes largely to 5-HT-induced enhancement of excitability in sensory neurons (Baxter and Byrne, 1990a; Ghirardi et al., 1992; Goldsmith and Abrams, 199 1) 1992; Klein et al., 1986) . Although the steady-state level of enhanced excitability produced by 5-HT in the presence of PDAc was comparable with that produced by 5-HT alone (Fig. 2 B) , application of 5-HT after PDAc did not seem to produce the same transient increase in excitability (see transient increase at 3 min after application of 5-HT alone). This result may indicate that PDAc-induced spike broadening and / or increase in & Ca (Critz and Byrne, 1990, 1992) could oppose CAMP-, dependent enhancement of excitability by 5-HT. It is known that application of 5-HT after application of membrane-permeable CAMP analogues reduces CAMP-dependent enhancement of excitability and produces additional spike broadening (Baxter and Byrne, 1990a) . Another possibility is that activation of PKC by PDAc could cause desensitization of 5-HT receptors through phosphorylation, which could attenuate the potency of 5-HT to induce enhanced excitability.
Staurosporine inhibits 5-HT-and PDAc-induced spike broadening but not 5-HT-induced enhancement of excitability or depolarization If both 5-HT-and phorbol ester-induced spike broadening involve the activation of PKC, they should both be suppressed by inhibitors of PKC. We tested this hypothesis by the use of the protein kinase inhibitor, staurosporine (Tamaoki et al., 1986) . After a l-h preincubation with staurosporine ( 10 ,uM), the 5-HT-induced spike broadening was only 113 t 1% of baseline (n = 7, 12 min after 5-HT appli-cation) (Fig. 3, Al and B) . This was significantly less than that induced by 5-HT in the absence of staurosporine (e.g., Fig. lo> (138 t 4% , y1 = 7, t12 = 6.07, P < 0.001). These results are compared in Fig. 3 B. Similarly, the PDAc-induced spike broadening was only 107 t 1% ( n = 5,24 min after PDAc application) (Fig. 3, A2 and B) in the presence of staurosporine, a level significantly less than that in the absence of staurosporine (e.g., Fig. 10 ) ( 126 t 2%, n = 15, t18 = 5.20, P < 0.00 1). These results are compared in Fig.  3 B. Because high concentrations of staurosporine can inhibit both PKC and PKA (Ruegg and Burgess, 1989 ) , we also examined the effects of staurosporine on the ability of 5-HT to enhance excitability, which in pleural sensory neurons is mainly dependent on CAMP (Baxter and Byrne, 1990a; Ghirardi et al., 1992; Goldsmith and Abrams, 199 1, 1992) . In contrast to its effects on spike broadening, staurosporine did not inhibit significantly the enhancement of excitability produced by 5-HT ( 12 min after 5-HT application: 3 16 t 30%, n = 6, in the absence of staurosporine vs.
352 t 6 I%, y2 = 5, in the presence of staurosporine, tg = 0.56) (Fig. 3C) . Thus a concentration of staurosporine that blocks a major component of 5-HT-induced spike broadening has no effect on a well-described action of PKA (i.e., suppression of S-K+ currents and enhancement of excitabilASW+stau ' ASW+stau 3ms ity). A second indicator of CAMP (PKA)-dependent effects of 5-HT in sensory neurons is depolarization of resting membrane potentials (Ocorr et al., 1985; Pollock et al., 1985 ) . Although not examined quantitatively, 5-HT-induced depolarization in the presence and absence of staurosporine was indistinguishable.
Interestingly, the effectiveness of staurosporine is dependent on the time at which spike broadening is examined after the application of 5-HT. Staurosporine appears to have little effect on 5-HT-induced spike broadening 3 min after 5-HT, whereas it seems to inhibit strongly 5-HT-induced spike broadening at later times (cf., responses in 5-HT alone to responses in 5-HT + stau, Fig. 3 B) . These results provide further, albeit indirect, support for the specificity of the actions of staurosporine. Moreover, they indicate that the staurosporine-insensitive early component of 5-HT-induced spike broadening may be mediated by CAMP (Baxter and Byrne, 1990a; Ghirardi et al., 1992; Goldsmith and Abrams, 199 1, 1992) .
Staurosporine by itself did not produce any significant effect on the baseline duration of the action potential (2.8 t 0.1 ms, y1 = 7, in the absence of staurosporine vs. 2.9 t 0.1 ms, YI = 7, in the presence of staurosporine, t12 = 0.46) or excitability (5.2 t 0.4 spikes, y1= 6 and 4.1 t 0.5 spikes, y1= 5, respectively, tg = 1.63 ) . Moreover, the concentration of DMSO that was used to solubilize staurosporine did not block the actions of 5-HT. In a separate series of experiments, DMSO (0.5%) had no effect on the ability of 5-HT to induce spike broadening ( 145 t 1 l%, yt = 7, at 12 min after 5-HT application).
Staurosporine inhibits 5-HT-induced synaptic jkcilitation under certain conditions
We also examined the role of PKC in 5-HT-induced facilitation of relatively undepressed sensorimotor connections (an analogue of sensitization). Previous studies of these connections in culture indicated that PKC is important for facilitation of depressed synapses (an analogue of dishabituation) . We began by examining the ability of PDAc to facilitate EPSPs in intact ganglia. Although PDAc produced facilitation, the results were difficult to interpret since there was a concomitant increase in spontaneous input to the motor neurons. We therefore focused on a comparison of the effects of 5-HT in the presence and absence of staurosporine. The mean amplitude of the three EPSPs before the application of 5-HT was 7.4 t 1.3 mV (n = 14). After a 1 0-min exposure, 5-HT increased the mean amplitude of the EPSP to 155 t 15% of baseline (n = 14) with an attendant increase in spike duration (e.g., Fig. 4A ). A 1 -h preincubation with staurosporine partially suppressed the enhancement in the amplitude of the EPSP by 5-HT (142 t 16%, n = 13). This effect was not significant ( tz5 = 0.6 1). [One-tailed statistics were used in this and subsequent analyses based on the significant effects of staurosporine on spike duration. Previously, spike broadening was shown to account for a significant part of 5-HT-induced facilitation of nondepressed synapses (Gingrich et al., 1988; Hochner et al., 1986) .] The l-h preincubation in staurosporine did not significantly affect the amplitude of the baseline EPSPs ( 7.4 t 1.3 mV, n = 14, in the absence of staurosporine vs. 7.3 t 1.1 mV, n = 13, in the presence of staurosporine, tz5 = 0.02). A subset of control experiments were preincubated in DMSO (0.5%) rather than ASW. This preincubation did not affect the ability of 5-HT to facilitate the amplitude of the EPSP.
During the course of performing these experiments, we observed that the ability of staurosporine to inhibit 5-HTinduced facilitation seemed to be limited to those experiments in which the amplitude of the initial EPSP was relatively large (e.g., compare the effects of staurosporine in Fig. 4, B and C) . This observation raised the possibility that a PKC-dependent process may be particularly important to facilitate large EPSPs. Indeed, when the data were ranked according to the amplitude of the initial EPSP and divided in half at the median value, examination of the resultant group data that included only the experiments with the larger EPSPs ( 7.3-17.8 mV) revealed that staurosporine dramatically suppressed the 5-HT-induced facilitation of these connections ( 147 t 18%, n = 7 vs. 103 t 8%, n = 6, in staurosporine) (Fig. 4 0) . This effect was statistically significant ( U' = 36, P < 0.025 ). (Because we subdivided the data based on the size of the initial EPSPs, we could not expect a normal distribution.
Therefore, nonparametric statistics, Mann-Whitney tests, were used to analvze the data.) In contrast, for the group that included the EPSPs that were initially smaller ( 1 e 8-6.5 mV ) , staurosporine did not significantly suppress 5-HT-induced facilitation ( 163 t 25%, n = 7 vs. 165 + 257 -0, n = 6, in staurosporine, U' = 22) (Fig. 40) .
This differential effect of staurosporine on facilitation of large versus small EPSPs cannot be accounted for by differences in input resistance of the postsynaptic cells. For example, the measurements of input resistance just before the application of 5-HT in the groups that included the large and small EPSPs in the presence of staurosporine were not significantly different ( 10.5 t 1.6 MQ, n = 5 and 16.2 t 4.7 MQ, n = 5, respectively, U' = 7). Moreover, the differential effects of staurosporine on facilitation cannot be accounted for by differences in the level of synaptic depression between the groups that included large and small EPSPs. For example, the level of synaptic depression just before the application of 5-HT in the group that included the large and small EPSPs in the presence of staurosporine were not significantly different (74 t 6% of the initial EPSP, n = 6 and 7 1 t 10% of the initial EPSP, n = 6, respectively, U' = 19). Thus, a PKC-dependent process appears to be particularly important in 5-HT-induced facilitation when the sensorimotor connection is initially strong.
In the intact pleural-pedal ganglion preparation as well, staurosporine appeared to suppress 5-HT-induced spike broadening (Fig. 4, B and C) . This observation is in agreement with the data presented in Fig. 3 , which illustrate that staurosporine blocks 5-HT-induced spike broadening in isolated somata of sensory neurons. Spike broadening was not quantified in the experiments using intact ganglia, however, because the spike amplitude [and hence spike duration measurements (see METHODS)] could not be determined accurately due to nonuniformity of bridge balance used for the single-electrode recording and stimulation.
Measurements of excitability were also made in the experiments using intact ganglia. For both the large and small EPSP groups, there was no significant difference between 5-HT-induced enhancement of excitability in the absence or presence of staurosporine (large EPSP group: 432 t 75%, n = 6 and 403 * 123%, n = 4, respectively, U' = 14; small EPSP group: 363 t 91%, n = 6 and 323 t 49%, n = 6, respectively, U' = 2 1). There was also no significant difference between baseline excitability in the absence or presence of staurosporine (large EPSP group: 4.8 t 1.3 spikes, n = 6 and 4 4 t 1 2 spikes, n = 4, respectively, U' = 11.5; small EPSP'group: 5.6 t 1.6 spikes, n = 6 and 6.3 t 0.9 spikes, n = 6, respectively, U' = 12). Thus, it seems unlikely that suppression of 5-HT-induced facilitation of large EPSPs by staurosporine can be explained by the suppression of PKA.
DISCUSSION
Although it is becoming increasingly clear that both PKA and PKC contribute to the multiple facilitatory effects of 5-HT in the sensory neurons, the quantitative contribution that each kinase makes to these multiple effects is just beginning to be examined. The present results indicate that PKC plays a greater role in these facilitatory effects than was previously realized. Differences between our re- Representative traces of the EPSPs produced in the motor neuron (top traces) and action potentials elicited in the sensory neuron (bottom traces) before and 10 min after application of 5-HT ( 10 PM). Note that the EPSPs and action potentials are displayed at different time scales. B: ability of 5-HT to increase the amplitude of a large EPSP was suppressed by staurosporine. In this example of an EPSP whose amplitude was initially large, staurosporine suppressed the ability of 5-HT to facilitate synaptic transmission ( 10 min after application of 5-HT) . C: ability of 5-HT to increase the amplitude of a small EPSP was unaffected by the presence of staurosporine. In this example, the amplitude of the initial EPSP was small and was dramatically facilitated 10 min after application of 5-HT, even though staurosporine was present in the bath. D: ability of staurosporine to suppress 5-HT-induced facilitation of the EPSP is dependent on the initial amplitude of the EPSP. 5-HT enhanced the amplitude of EPSPs that were initially large (n = 7) and small (n = 7) to about the same extent. Staurosporine, however, significantly suppressed 5-HT-induced facilitation of connections whose EPSPs were initially large (n = 6) but had no effect on 5-HT-induced facilitation of connections whose EPSPs were initially small ( n = 6 ) .
sults and earlier studies may be due to differences in preparation (intact ganglia vs. cell culture), temperature ( 15 OC vs. room temperature), concentration of 5-HT, time at which the effects are examined, and state of the synapse.
One of the novel findings of the present study is that PKC plays a significant role in the slowly developing 5-HT-induced somatic spike broadening of intact pleural sensory neurons. Because phorbol esters do not depolarize the membrane potential or dramatically increase excitability like 5-HT, it is unlikely that phorbol esters induce closure of S-K+ channels. The closure of S-K+ channels by 5-HT has been shown to be dependent on CAMP Byrne, 1989, 1990a; Siegelbaum et al., 1982) . Previous work suggests that 5-HT modulates the delayed or voltage-dependent K+ current (Zkv) Byrne, 1989, 1990a) . Thus, one possibility is that phorbol ester-induced spike broadening is due to the modulation of Zkv. Indeed, we have recently found that phorbol esters modulate Zk v (Su-, gita et al., 1992) in a manner similar to that of 5-HT Byrne, 1989, 1990a; White et al., 1992) . cAMP/PKA may also modulate 1k v, however (Abrams and Goldsmith, 1992; B. Hochner and E. R. Kandel, personal communication) .
Thus JKv could be dually regulated. For example, PKA-dependent regulation of & may contribute to the early phase of broadening, whereas PKCdependent regulation may contribute to the later phase of broadening. In addition to modulating lkv, phorbol esters were shown to increase &a (Braha et al., 1'988) , which also could contribute to broadening.
In addition to somatic spike broadening, our results indicate that PKC can play an important role in 5-HT-induced synaptic facilitation in relatively undepressed synapses when the initial amplitude of the EPSP is large. PKC-dependent processes are not always necessary, however. Other kinases, such as PKA, appear to play a significant role in 5-I-IT-induced facilitation of small EPSPs. Given that two kinases (PKA and PKC) are involved in the facilitatory effects of 5-HT, it will be important to determine to what extent they act independently or interact. One possibility is that the two systems are completely independent. Indeed, a 5-HT antagonist, cyproheptadine, suppresses 5-HT-induced spike broadening and facilitation with little effect on 5-HT-induced enhancement of excitability ( Mercer et al., 199 1; see also Pieroni and Byrne, 199 1) . In light of our results, it is possible to suggest that a cyproheptadine-sensitive receptor might be associated with a PKC pathway leading to a slowly developing component of spike broadening and that another 5-HT receptor might be associated with a PKA pathway leading to enhanced excitability and an early phase of broadening. Other possibilities include a serial activation of PKC by PKA or a convergence of PKA and PKC on common sets of substrates Ghirardi et al., 1992; Goldsmith and Abrams, 199 1) . Irrespective of these possibilities, the relative contribution to synaptic facilitation by each kinase may be dependent on the initial strength of the connection (see Fig. 4 D) , as well as the extent to which the connection is depressed from its initial strength Ghirardi et al., 1992; Goldsmith and Abrams, 199 1) .
In addition to this state dependence, the relative contributions of PKA and PKC to the expression of the modulatory effects of 5-HT may be highly time dependent. For example, in sharp contrast to the rapid enhancement of excitability, 5-MT-induced spike broadening develops slowly. Similarly, staurosporine inhibits rather selectively a slowly developing component of 5-HT-induced spike broadening. These results not only support the hypothesis that enhanced excitability and spike broadening are due to different second messenger cascades and membrane currents ) but also that the quantitative contribution that each kinase and membrane current make to the facilitatory effects of 5-HT is time dependent.
